INTRODUCTION
Many cell surface proteins in eukaryotes are attached to the cell membrane through the hydrocarbon chains of a covalently bound glycosylphosphatidylinositol (GPI) membrane anchor, rather than by a classical transmembrane domain [1] . Anchoring by GPI can dramatically alter the functional properties of a protein, as shown for instance for human immunoglobulin receptors that exist in both GPI-anchored and transmembrane forms [2] . Pathophysiological studies of paroxysmal nocturnal haemoglobinuria (PNH), a bone marrow disorder caused by a deficiency in GPI biosynthesis [3] [4] [5] , have demonstrated the great importance of GPI anchoring for regulation of cell growth and activation [6, 7] . In eukaryotic microbes, GPIs are important for growth and morphogenesis [8] . Mutations in GPI biosynthetic genes in Saccharomyces cere isiae and Schizosaccharomyces pombe lead to conditional lethality and defects in cell division [9, 10] . Therefore GPI biosynthesis could be exploited as a possible target for future selective anti-microbial agents.
The biosynthesis of GPI anchors takes place in the endoplasmic reticulum [11] . The first step is the transfer of N-acetylglucosamine (GlcNAc) from UDP to phosphatidylinositol (PI). This step is of special interest, as it is affected in PNH and could also be the committed step for regulation of GPI biosynthesis that seems to play a role in cell activation [6] . Analysis of GPIanchoring-defective mammalian and yeast cell lines [9, 12] has revealed the genetic requirements for this biochemical reaction to Abbreviations used : EST expressed sequence tag ; GlcNAc-PI, N-acetylglucosaminylphosphatidylinositol ; GlcN-PI, glucosaminylphosphatidylinositol ; GPI, glycosylphosphatidylinositol ; ORF, open reading frame ; PI, phosphatidylinositol ; PI-PLC, PI-specific phospholipase C ; PNH, paroxysmal nocturnal haemoglobinuria ; RACE, rapid amplification of cDNA ends ; the prefixes Sc, Hs and Mm denote Saccharomyces cerevisiae, human (Homo sapiens) and mouse (Mus musculus) genes/proteins respectively. 1 To whom correspondence should be addressed (e-mail immunologie!mh-hannover.de).
The nucleotide sequences of the human and mouse GPI1 genes have been deposited in the GenBank, EMBL and DDBJ Nucleotide Sequence Databases under accession numbers AF030177 and AF030178 respectively. strated in a temperature-dependent manner. In addition, in itro GlcNAc-PI synthetic activity was again detectable. In Schiz. pombe, gpi1 + disruption is lethal. Using random spore analysis, we were able to show that the mammalian GPI1 homologues can rescue haploids harbouring the lethal gpi1 + ::his7 + allele. Our data demonstrate that the genes identified are indeed involved in the first step of GPI biosynthesis, and allow conclusions about a specific function for Gpi1p in stabilizing the enzymic complex. The finding that, despite a low degree of identity, the mammalian Gpi1 proteins are able to participate in the yeast GlcNAc-PI synthetic machinery as heterologous components further demonstrates that GPI biosynthesis has been highly conserved throughout evolution.
be unexpectedly complex. Three mammalian genes, PIG-A [13] , PIG-C [14] and PIG-H [15] , as well as three Sacch. cere isiae genes, GPI1 [16] , GPI2 [17] and GPI3\SPT14\CWH6 [17] [18] [19] [20] , have been shown to be involved. Sequence comparisons demonstrated that GPI3 and GPI2 encode homologues of the Pig-a and Pig-c proteins respectively, but no obvious similarity was found between the Gpi1 and Pig-h proteins. This led to speculation about the existence of a fourth participant in the GlcNAc transfer reaction, i.e. a mammalian homologue of the yeast GPI1 gene, as well as a yeast counterpart of PIG-H. However, throughout the Sacch. cere isiae genome no open reading frame (ORF) with significant identity with PIG-H was detectable using conventional sequence comparison software. In addition, among the numerous GPI-deficient mammalian cell lines analysed in different laboratories, only cells of mutation classes A, C and H are blocked in the first step of the biosynthetic pathway. Therefore the lack of similarity between GPI1 and PIG-H could be interpreted as evolutionary development rather than being indicative of the existence of a further component in the enzymic complex.
In order to confirm one of these contrasting hypotheses, we searched for a mammalian homologue of yeast Gpi1p. After identification of human and mouse genes encoding putative homologues, these were expressed in ∆gpi1 mutant Sacch. cere isiae and Schiz. pombe strains. In Sacch. cere isiae, GPI1 disruption results in an inability to grow at temperatures higher than 25 mC [16] , whereas gpi1 + disruption in Schiz. pombe is lethal [10] . Partial complementation of these mutant phenotypes provided strong evidence that the newly identified genes are indeed functional homologues of the yeast GPI1 genes. The fact that these gene products are able to participate in the yeast GlcNAc synthetic machinery demonstrates the high degree of evolutionary conservation in the structure of the enzymic complex.
MATERIALS AND METHODS

Yeast strains and culture media
The Sacch. cere isiae gpi1-disrupted strain was created by replacing one of the GPI1 genes in diploid strain YMW3 [21] with the TRP1 selectable marker, as described in Fig. 3B in [16] . This diploid was then sporulated and the haploid meiotic segregant gpi1 ::TRP1 ade2-1 ade3D22 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100 was isolated. Cells were cultured on standard solid and liquid YPD or YNB media [22] . The Schiz. pombe gpi1 + heterozygous diploid strain (gpi1 + \gpi1 + ::his7 + ade6-M210\ade6-M216 leu1-32\leu1-32 ura4-d18\ura4-d18) was described previously [10] . Schiz. pombe cells were grown in supplemented synthetic EMM2 medium at 30 mC [23] .
Database searching
The tblastn algorithm was used to search the EST (expressed sequence tag) database for cDNA clones encoding proteins similar to Sacch. cere isiae Gpi1p (ScGpi1p) [24, 25] . Three 5h ESTs (T97832, F07500 and R24980) showed significant identity with C-terminal amino acids of Gpi1p, indicating that these were only partial clones. To identify longer clones, the EST database was searched with the 3h ESTs corresponding to the identified 5h sequences (T97729, Z40563 and R45240) using the blastn program. Seven human clones were found. Among these, the longest clone (30904 ; accession no. for 3h EST : R41932) had an insert of approx. 2.5 kb, although it was reported to contain 2.965 kb by the I.M.A.G.E. consortium [26] . This clone was provided by the Resource Center\Primary Database of the German Human Genome Project and sequenced. Later in the process of verifying the cDNA sequence of HsGPI1 [where Hs denotes human (Homo sapiens)], clone 30904 was found to contain an unspliced intron of 164 bp (between nucleotides 892 and 893 in the final sequence reported). Murine GPI1 (EST clone 404783 from C57BL\6J adult brain ; accession no. for 5h EST : AA072344) was identified by searching the EST database with the blastn program and the final sequence of HsGPI1.
DNA synthesis and sequence analysis
DNA oligomer synthesis was carried out by MWG Biotech (Ebersberg, Germany) and the Genetic Engineering Facility of the University of Illinois, Urbana. DNA sequencing was performed by Eric C. Bo$ ttger and co-workers (Hannover Medical School, Germany) and MWG Biotech. For DNA and protein sequence analysis we used PCGene (IntelliGenetics Inc.), DNA Strider 1.1 [27] , CLUSTAL W 1.06 [28] , MACAW [29] , the PROSITE package [30] and PHDtopology [31] .
Northern hybridization
Either 5 or 20 µg of total RNA from HL-60 cells and a $#P-labelled probe from the insert of clone 30904 were used for Northern blot analysis. Filters were hybridized in ExpressHyb solution (Clontech) following the manufacturer's instructions and washed for 3i30 min in 5i, 1i and 0.2iSSC at 68 mC.
Cloning of the 5h end of HsGPI1 by a RACE (rapid amplification of cDNA ends) PCR-related technique
Marathon Ready cDNA from human bone marrow was obtained from Clontech Inc. PCR was carried out with a gene-specific primer GSP (5h-ATAGGATCCACGTCCAGCAGCACAGA-GGCCACCGTGTTGGCC), which contains a BamHI site (underlined), and the AP1 anchor primer provided by the manufacturer under the following conditions : 5 cycles (30 s at 95 mC ; 2 min at 72 mC) ; 5 cycles (30 s at 95 mC ; 2 min at 68 mC) ; 20 cycles (30 s at 95 mC ; 2 min at 60 mC). PCR products were cloned into the pBlueScript SK + vector (Stratagene) using a NotI site on AP1 and the BamHI site engineered into the GSP primer. The complete coding region of HsGPI1 was amplified by reverse transcription-PCR with avian myeloblastosis virus reverse transcriptase (Promega) and Vent polymerase (New England Biolabs) out of HL-60 RNA using primer Rev (5h-GTGTTCAGGAG-CACAC) for first-strand synthesis and primers U-Hs (5h-AT-TGGATCCCATCGGGGTCCCCAACCCCATCCGGACC ; BamHI site underlined) and D-Hs (5h-ATAGGTACCTCAGT-CCTGCTTGTCCCCTCTCTGC ; KpnI site underlined) for PCR.
Construction of Sacch. cerevisiae expression plasmids
Coding regions of mammalian GPI1 genes were cloned directly behind the ScGPI1 promoter by fusing overlapping PCR products of the promoter and the gene of interest. First, the ScGPI1 promoter was PCR-amplified with primers U-Sc (5h-ATT-GGATCCGTGGTTTTGATTCTAGACGGTTACC ; BamHI site underlined) and F4 [5h-GGGGAAGAAGGCCTTGAG-CACCATGTCATTTAACTGTATAAACCGCCC ; the 5h half underlined is complementary to the start of the HsGPI1 and MmGPI1 ORF, where Mm denotes mouse (Mus musculus)] using Vent polymerase. Secondly, the HsGPI1 and MmGPI1 ORFs were amplified with primer F3 (5h-GGGCGGTTT-ATACAGTTAAATGACATGGTGCTCAAGGCCTTCTTC-CCC ; the 5h half underlined is identical to the end of the ScGPI1 promoter) and D-Hs (see above ; since the mouse and human nucleotide sequences are almost identical at the primer binding sites, the same primers were used in both PCRs). Thirdly, the partially complementary fragments were fused in five PCR cycles without primers, and fusion products were subsequently amplified in another 15 PCR cycles with primers U-Sc and D-Hs. Using an analogous approach, a yeast-human chimaeric ORF was constructed with primers F1 (5h-GGCTTATTATTAAT-GACATTTCATTTGGTTTAATGCTGCTGTCCTGGCTCC-ACGGGAGAAGCGC) and F2 (5h-GCGCTTCTCCCGTGG-AGCCAGGACAGCAGCATTAAACCAAATGAAATGTC-ATTAATAATAAGCC) instead of F3 and F4 respectively. In the resulting chimaera, ScGpi1p amino acids 302-609 are replaced by HsGpi1p amino acids 289-581. Using BamHI and KpnI restriction sites, PCR products were cloned into the URA3-selectable vectors pRS416 and pRS426 (Stratagene), containing the CEN and 2µ origins of replication respectively. For negative controls, pRS416 was used alone. For positive controls, ScGPI1 was cloned into pRS416.
Construction of Schiz. pombe expression plasmids
The coding regions of HsGPI1 and MmGPI1 were PCR-amplified with primers U-Hs-NdeI [5h-ATTCATATGGTGCTCAAGGC-CTTCTTCCCCACG ; upstream AUG context is mutated into an NdeI restriction site (underlined)] and D-Hs-BamHI (5h-ATAGGATCCTCAGTCCTGCTTGTCCCCTCTCTGC; BamHI site underlined). Using the introduced NdeI and BamHI restriction sites, PCR products were cloned directly behind the nmt1 thiamin-repressible promoter of the leu-32-selectable pREP1 vector [32] . For negative controls, pREP1 was used alone. For positive controls, a plasmid containing Schiz. pombe gpi1 + was used (pPVSG1 ; described in [10] ).
Complementation of temperature-sensitivity in Sacch. cerevisiae
Plasmid transformation was carried out using the standard lithium acetate procedure [22] . At least 10 independent recombinant clones from each transformation were tested for correction of temperature-sensitivity by incubating plates for 6 days at the indicated temperature immediately after re-streaking.
Enzyme assays
The in itro synthesis of "%C-labelled GPI precursors was assayed in twice-washed mixed membranes freshly prepared as described previously [33] from transformants grown to A '!! l 1.0 in minimal medium at 25 mC. Lipids were extracted in chloroform\ methanol (3 : 2, v\v) and washed twice with Folch theoretical upper phase (49 % methanol, 48 % water, 3 % chloroform, 4 µM MgCl # ). Chemical and enzymic characterization was accomplished as described in [33] . Lipids were then separated by TLC on Kieselgel 60 sheets (Merck) using chloroform\methanol\water (65 : 25 : 4, by vol.) as solvent and visualized either using a Tracemaster 20 linear scanner (Chroma 2D, Berthold, Germany) or by treating the plate with Enhance spray and exposing to Xray films for 4 days at k80 mC.
Schiz. pombe random spore analysis
Plasmid transformation was performed using the lithium acetate procedure described in [23] . Transformants were grown on minimal medium containing 2 µM thiamin to suppress expression of the gene. Cells were then sporulated on solid EMM2 medium containing uracil (75 mg\l), but not histidine or leucine. Upon digestion of the ascal walls and remaining vegetative cells, 5000 spores were plated on solid EMM2 medium containing glutamic acid (5 g\l) as nitrogen source, adenine (10 mg\l), uracil (75 mg\l) and leucine (75 mg\l), but not histidine or thiamin. As a control, another 5000 spores were plated on the same medium containing 75 mg\l histidine. A limiting concentration of adenine in the medium allowed verification that growing cells are haploid, as these form pink and red colonies whereas diploid cells would appear white due to intragenic complementation of the ade6-M210\ade6-M216 alleles.
PCR verification of the genotype of viable Schiz. pombe haploids
Primers specific for the gpi1 + ::his7 + locus were designed (U-His, 5h-TTGTTATGTTCCAGTAACAGTGAATTCCTG ; D-gpi1, 5h-TGG ATC CAA GAG ACA TCG GTT TGG AGT T-GC). Whole-cell PCR was performed using the protocol given in [34] . In a second PCR reaction, the presence of the transformed mammalian GPI1 gene was shown using primers U-Hs-NdeI and D-Hs-BamHI (see above). In both PCRs, colonies from the parental wild-type strain were assayed as negative controls.
RESULTS
Cloning of human GPI1
A search of the EST database for sequences encoding peptides showing identity with Sacch. cere isiae Gpi1p, and a subsequent search for larger clones with overlapping 3h sequences, yielded several cDNA clones with inserts of up to 2.5 kb. To estimate the size of the full-length transcript, we performed Northern analysis of total RNA from HL-60 cells. A single weak band of 3 kb was obtained in two separate assays (results not shown). Cloning of the missing 5h region was accomplished by using a RACE PCRrelated technique (see the Materials and methods section). The full-length cDNA contains a 1743 bp ORF encoding 581 amino acids, as well as 50 bp upstream and 1100 bp downstream untranslated regions.
Identification of mouse GPI1
The cDNA sequence of HsGPI1 was used to search the EST database again. A 3 kb mouse clone could be identified. It was not detectable in the initial database searches because it lacked a 3h EST entry. Sequencing of this clone revealed 82 % identity with the HsGPI1 coding region at the nucleic acid sequence level. The deduced protein sequence of 581 amino acids is 85 % identical to the human Gpi1 protein (Figure 1 ).
Protein sequence analysis
Human and mouse Gpi1 proteins have calculated molecular masses of 65.3 and 65.9 kDa respectively. CLUSTAL W dual sequence alignments [28] revealed 24 % and 19 % amino acid sequence identity with the Sacch. cere isiae and Schiz. pombe proteins respectively for both sequences, whereas the yeast proteins are 29 % identical. However, due to a marked difference in size between the four proteins (Schiz. pombe Gpi1p comprises 517 amino acids, whereas Sacch. cere isiae Gpi1p comprises 609 amino acids), these values do not correlate well with the actual degree of relationship. Therefore the guide tree file produced by CLUSTAL multiple sequence alignment was used to draw the phylogenetic tree shown in Figure 2 . Intriguingly, mouse Gpi1p is somewhat more similar to the yeast proteins than human Gpi1p. Multiple sequence alignment demonstrates that the Cterminal half of the proteins is much better conserved than the Nterminal half (Figure 1) . A potential tyrosine phosphorylation site is predicted by the PROSITE software package to occur in all four Gpi1 proteins (general consensus R\K-X #,$ -D\E-X #,$ -Y ; consensus for Gpi1 proteins R-X-R-X-D-X #,$ -Y). This site is located on the third cytoplasmic loop of the protein (see below). Targeting signals such as organelle transit peptides, DNA binding sites or N-terminal secretory signals were not detected using standard predictive software.
Hydropathy plots performed according to Kyte and Doolittle [35] revealed multiple hydrophobic regions that could function as transmembrane segments (Figure 3) . Regions predicted to be membrane-spanning with P 0.1 by the Klein, Kanehisa and DeLisi algorithm [36] are indicated in the Figure. To predict Gpi1p membrane topology, we applied recently developed algorithms by Persson and Argos [31] . The results obtained were used to draw the predictive model in Figure 4 . Intriguingly, the majority of amino acids are located on the cytoplasmic face of the endoplasmic reticulum. In contrast, most intraluminal loops are very small, serving as turns between transmembrane helices rather than building a significant domain. Also, cytoplasmic domains harbour most of the conserved residues, while structures in the endoplasmic reticulum lumen differ significantly between species, both in size and in amino acid composition.
Expression of mammalian GPI1 in Sacch. cerevisiae
We constructed expression plasmids containing the coding region of either mouse or human GPI1 directly behind the 343 bp upstream untranslated region from ScGPI1 that was shown to contain sufficient promoter activity [16] . Additionally, a chimaeric ORF (termed ScHsGPI1) was constructed by replacing the well conserved C-terminus of ScGpi1p with that from HsGpi1p, yielding a protein 67 % identical to ScGpi1p. All constructs were transformed into Sacch. cere isiae ∆gpi1 cells as both single-and multi-copy plasmids using CEN and 2µ origin of replication vectors respectively.
We first examined whether transformation with mammalian GPI1 genes has an impact on the temperature-sensitivity of the gpi1 knockout strain. As demonstrated in Figure 5 , ∆gpi1 cells transformed with a vector negative control grew at 25 mC, but not at 30 mC or 37 mC (sector 2 on each plate), whereas introduction of the wild-type ScGPI1 gene on a single-copy plasmid completely restored the ability to grow at 30 mC and 37 mC (sector 1). Transformation of HsGPI1 on a single-copy plasmid does not seem to have an effect on the temperature-sensitivity of the knockout cell line, since no growth was observed at 30 mC or 37 mC ( Figure 5A, sector 3) . However, ∆gpi1 cells harbouring HsGPI1 on a multi-copy plasmid were able to grow at 30 mC ( Figure 5A, sector 4) . Transformation of MmGPI1 in a singlecopy plasmid resulted in a few small colonies at 30 mC, whereas no growth was observed at 37 mC ( Figure 5B, sector 3) . In a multi-copy plasmid, MmGPI1 allowed almost full restoration of growth at 30 mC and a few colonies at 37 mC ( Figure 5B, sector 4) . Results obtained upon transformation with the chimaeric ScHsGPI1 gene were identical with those obtained with MmGPI1 (results not shown).
To demonstrate further that the positive effect on growth at 30 mC and 37 mC is due specifically to restored GPI biosynthesis, Gpi1 protein in glycosylphosphatidylinositol biosynthesis
Figure 2 Phylogenetic relationships between mammalian and yeast Gpi1 proteins
The guide tree file calculated for the CLUSTAL alignment in Figure 1 was used to depict relationships between Gpi1 proteins from Sacch. cerevisiae, Schiz. pombe, M. musculus (mouse) and H. sapiens (human). Each number shown corresponds to the phylogenetic distance d multiplied by 100.
Figure 3 Mammalian and yeast Gpi1 proteins harbour multiple corresponding transmembrane segments
Hydropathy plots according to Kyte and Doolittle [35] were outlined truly to scale, but oriented to the highly conserved C-terminus to align corresponding segments. Small numbers on hydrophobic peaks indicate membrane-spanning regions predicted by the Klein, Kanehisa and DeLisi algorithm [36] with P 0.1. The significance of peak 1, only present in mammalian Gpi1p, was not confirmed by using another predictive algorithm [31] . Therefore peak 2 corresponds to the first transmembrane domain in the model shown in Figure 4 . Peak 3 corresponds to the second transmembrane segment, and peak 4 to the third and fourth transmembrane segments (these are most probably two distinct helices rather than one continuous one). Finally, peaks 5 and 6 correspond to the fifth and sixth transmembrane segments. we prepared a mixed membrane fraction from our transformants and tested them for in itro GlcNAc-PI synthetic activity. As shown in Figure 6 , ∆gpi1 membranes were unable to synthesize any ["%C]GlcNAc-PI (lane 2), but GlcNAc-PI synthetic activity was restored upon introduction of the wild-type ScGPI1 gene on a single-copy plasmid (lane 1). Transformants harbouring MmGPI1 on a multi-copy plasmid showed approx. 50 % synthetic activity in comparison with the wild-type (lane 4), whereas the synthetic activity of membranes harbouring chimaeric ScHsGPI1 did not differ from that of those with the wild-type
Figure 4 Membrane topology of Gpi1 proteins
The figure was drawn using data predicted by the Persson and Argos algorithm [31] . In brief, Gpi1 protein sequences from Sacch. cerevisiae, Schiz. pombe, M. musculus and H. sapiens were submitted simultaneously, sequences were aligned by the program and predictions were subsequently computed to fit the consensus. The results indicate that both termini are located cytoplasmically. The sizes of the first cytoplasmic and intraluminal domains, given as numbers of amino acids (aa) on the respective loops, differ between the four species. This is consistent with the shifting of peak 2 in Figure 3 . Dots on the loops indicate completely conserved amino acids. These are almost exclusively located on cytoplasmic domains. The phosphotyrosine site indicated in Figure 1 is located on the third cytoplasmic domain.
gene (lane 5). However, using HsGPI1 under the same conditions, only marginal GlcNAc-PI synthesis was detectable, despite five times longer fluorographic exposiure (results not shown).
To confirm the nature of the lipids produced in heterologously restored yeast membranes, these were subjected to chemical and enzymic analysis. As expected, GlcNAc-PI and GlcN-PI from membranes harbouring the mouse Gpi1 protein were completely sensitive to PI-specific phospholipase C (PI-PLC) and mild base hydrolysis ( Figures 7A-7C ). GlcN-PI was also susceptible to nitrous acid deamination ( Figure 7D ). When in itro synthesis of GPI intermediates was performed in the presence of palmitoylCoA, GlcN-PI was inositol-acylated to form GlcN-(acylinositol)PI ( Figure 7E ). This intermediate was also sensitive to mild base hydrolysis and nitrous acid deamination, but was resistant to PI-PLC (Figures 7F-7H ). Yeast membranes with a mammalian Gpi1 protein thus synthesize the same GPI precursors as are made in wild-type membranes.
Two further characteristics of the ∆gpi1 mutation in Sacch. cere isiae were tested : doubling time at 25 mC and morphological aberrations. ∆gpi1 cells transformed with a vector control grew very slowly at 25 mC in minimal medium and had a doubling time of " 360 min. When transformed with the mammalian GPI1 genes on multi-copy plasmids, they divided approximately every 240 min, similarly to transformants rescued with the ScGPI1 wild-type gene. When shifted to 30 mC, ∆gpi1 mutants show a characteristic morphology, with large, round, multiply budded cells when examined by phase-contrast microscopy. Both HsGPI1 and MmGPI1 were able to suppress this defect (results not shown).
Expression of mammalian GPI1 in Schiz. pombe
In the fission yeast Schiz. pombe, gpi1 + disruption is lethal. Therefore we used a heterozygous diploid strain harbouring one gpi1 + allele that had been disrupted by the his7 + gene as a selectable auxotrophic marker (gpi1 + ::his7 + ). After transformation with mammalian GPI1 genes or positive and negative controls, cells were starved to induce meiosis and sporulation. Equal numbers of spores were plated on medium selective for the disrupted gpi1 + ::his7 + allele, such that cells would only grow if mammalian GPI1 genes were able to substitute for the wild-type gpi1 + gene. Figure 8(A) shows colony formation after 7 days of incubation at 30 mC, and demonstrates that both mouse and human GPI1 genes rescued haploid cells, although the number of growing colonies was significantly lower than that obtained with the wild-type positive control. Cells did not reveal any morphological disorders when examined by phase-contrast microscopy. To verify that the viable colonies were indeed gpi1 + ::his7 + disrupted haploids surviving only because of the presence of the mammalian GPI1 gene, colonies were analysed by whole-cell PCR with primers specific for the gpi1 + ::his7 + allele and the mammalian GPI1 gene on the plasmid ( Figure 8B ). All haploid colonies were found to have the expected genotype. In contrast, not one out of 15 randomly chosen colonies that grew on plates without selection for the gpi1 + ::his7 + disruption revealed that genotype.
DISCUSSION
Our results confirm the existence of a postulated fourth participant in the mammalian GlcNAc-PI synthetic machinery. The newly cloned human and mouse cDNAs specifically rescue yeast ∆gpi1 mutants and therefore are indeed involved in the first step of GPI biosynthesis.
In Sacch. cere isiae, we observed a dose-and temperaturedependent effect of mammalian GPI1 genes on the ∆gpi1 phenotype : whereas expression of single-copy genes had little or no effect, moderate overexpression of the heterologous genes in multi-copy plasmids was able to suppress all characteristics of the ∆gpi1 mutation examined. In general, effects at 30 mC were more prominent than at 37 mC. This observation strongly suggests that Gpi1p, in contrast with Gpi2 and Gpi3, is important in stabilizing a GlcNAc-PI synthetic protein complex in the endoplasmic reticulum. At temperatures of 25 mC and 30 mC, mammalian Gpi1 proteins are able to participate in the complex and almost completely suppress the ∆gpi1 phenotype. At 37 mC, functioning of the GlcNAc synthetic complex is seriously impaired when a heterologous Gpi1 replaces the native protein.
This is in contrast with the general principle that enzymes gain in activity at increasing temperatures, and indicates a specific function of Gpi1p as an integrating stabilizer of the enzymic complex. Further support for this hypothesis comes from our in itro experiments. Viable ∆gpi1 cells are able to produce GPI anchors at 25 mC, as demonstrated by the in i o incorporation of [$H]inositol into proteins [9] . In contrast, isolated and purified membranes from these cells do not show any synthetic activity in itro. These data suggest that the incomplete GlcNAc transferase complex without Gpi1p does not endure the rough process of membrane preparation, including repeated homogenization and centrifugation. Mammalian Gpi1 proteins partially restore the stability of the complex and allow detection of in itro synthetic activity again. Lipids synthesized in the presence of mammalian Gpi1p are not distinguishable from lipids made in wild-type Sacch. cere isiae membranes. Also, biosynthetic steps subsequent to GlcNAc-PI formation are not affected, as shown for deacetylation and inositol acylation, the second and third steps of the pathway. Gpi1p is unlikely to be additionally involved in catalysis or regulation of one of these reactions, since ∆gpi1 membranes are capable of producing GlcN-PI and GlcN-(acylinositol)PI from GlcNAc-PI (D. Drapp and P. Orlean, unpublished work).
In all Sacch. cere isiae experiments, and most dramatically in the in itro assay, mouse GPI1 seems to be more efficient than human GPI1. This is consistent with the observation that the phylogenetic relationship between the yeast and mouse proteins is somewhat closer than that between the yeast and human proteins (Figure 2) . Moreover, these results indicate that the protein complex containing a heterologous Gpi1p is far from being comparable with the native enzymic complex, because small differences in the sequence of the transformed gene or in the strength of expression can dramatically diminish the observed effects. Therefore mammalian GPI1 genes in Sacch. cere isiae mutants provide a unique opportunity to look at structure\ function relationships and partial defects in GPI biosynthesis. Also, the partially restored ∆gpi1 strains can be used as a tool to search for further genes involved in GPI biosynthesis.
In Schiz. pombe, we demonstrated that both human and murine GPI1 genes can rescue haploid cells harbouring the lethal gpi1 + ::his7 + mutation. Random spore analysis was used in this experiment, since only a portion of Schiz. pombe cells form colonies after tetrad dissection, even if wild-type strains are used. The number of gpi1 + ::his7 + haploids that could be rescued by the mammalian genes was significantly lower than when the wildtype Schiz. pombe gpi1 + gene was used. In addition, the native gene had an advantage when selection for gpi1 + ::his7 + was removed. However, after successful spore germination, haploids harbouring the mammalian GPI1 gene did not show any disorders in growth or morphogenesis.
The fact that mammalian GPI1 genes can replace the respective yeast genes does not only provide evidence for their identity, but is an important result in itself. Considering the notion that homology is indicative of functional similarity, our data clearly demonstrate that mammalian and yeast Gpi1 proteins are not only structurally similar but also functionally equivalent. This indicates that the molecular mechanisms that underlie this step in GPI biosynthesis have been extremely well conserved throughout evolution. In contrast, marked differences in downstream steps of yeast\mammalian and protozoal GPI pathways have been elucidated [37] [38] [39] . These biochemical steps might serve as targets for anti-microbial pharmacotherapy in the future.
Further work will focus on the role of GPI1 in mammalian cells. In the absence of a cell line deficient in GPI1, it remains to be demonstrated whether Gpi1p is essential for GPI biosynthesis in mammals. Following the conclusion that yeast Gpi1p most probably acts as a stabilizing factor, preserving the integrity of the enzymic complex (especially at higher temperatures), it is possible that Gpi1p may not be an essential component of the mammalian GlcNAc transferase complex at all, or it may only be required under certain conditions. However, certain regions within the Gpi1p homologues are strictly conserved and therefore are likely to carry essential functions within the complex. One of these is a putative tyrosine phosphorylation site. This structure could be involved in the regulation of GPI biosynthesis, which one would expect to take place in its first step. Indeed, GPI biosynthesis was previously shown to be very rapidly stimulated during T-cell activation, but almost nothing is known about the underlying molecular mechanisms. Since Gpi1p is likely to contain multiple transmembrane segments, it could also play a role in early interactions of the enzymic complex with fatty acids of its substrate, PI. An understanding of these details of the unexpectedly complex enzymology of GlcNAc transfer in GPI biosynthesis could further help to explain the pathophysiology of PNH.
